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Electrostatic Calculations of Amino Acid Titration and Electron Transfer,
Q,Q; — Q,Q;, in the Reaction Center

P. Beroza, D. R. Fredkin, M. Y. Okamura, and G. Feher
Department of Physics, University of California, San Diego, La Jolla, Califomia 92093 USA

ABSTRACT The titration of amino acids and the energetics of electron transfer from the primary electron acceptor (Q,) to the
secondary electron acceptor (Qg) in the photosynthetic reaction center of Rhodobacter sphaeroides are calculated using a
continuum electrostatic model. Strong electrostatic interactions between titrating sites give rise to complex titration curves. Glu
L212 s calculated to have an anomalously broad titration curve, which explains the seemingly contradictory experimental results
concerning its pK,. The electrostatic field following electron transfer shifts the average protonation of amino acids near the
quinones. The pH dependence of the free energy between Q;Qg and Q,Qj calculated from these shifts is in good agreement
with experiment. However, the calculated absolute free energy difference is in severe disagreement (by ~230 meV) with the
observed experimental value, i.e., electron transfer from Q; to Qg is calculated to be unfavorable. The large stabilization energy
of the Q; state arises from the predominantly positively charged residues in the vicinity of Q, in contrast to the predominantly
negatively charged residues near Qg. The discrepancy between calculated and experimental values for AG(Q;Q; — Q,Qjp)
points to limitations of the continuum electrostatic model. Inclusion of other contributions to the energetics (e.g., protein motion

following quinone reduction) that may improve the agreement between theory and experiment are discussed.

INTRODUCTION

The reaction center (RC) is a membrane-bound protein in
photosynthetic bacteria that initiates the conversion of light
energy into chemical energy by mediating the transfer of two
optically excited electrons and two protons to a quinone, Qg,
which is bound to the RC:

hy
Qg + 2¢~ + 2H* — Q.H, 1)

The reduced quinone (QzH,) leaves the RC (Crofts and
Wraight, 1983; McPherson et al., 1990) and diffuses through
the lipids in the bacterial membrane, where it is re-oxidized
by the cytochrome bc, complex. The net result of these re-
actions is the transport of protons from the cytoplasm to the
periplasm, thus establishing the electrochemical gradient that
drives ATP synthesis (reviewed by Cramer and Knaff, 1990).

The first optically excited electron is transferred from the
primary electron donor (D), a bacteriochlorophyll dimer, via
an intermediate acceptor (bacteriopheophytin) to the primary
and secondary electron acceptors (Q, and Qg), which, in the
RC of Rhodobacter sphaeroides, are both ubiquinone-10
molecules. Following re-reduction of the dimer by exog-
enous cytochrome, a second electron is transferred to Q by
the same route.

Although Qg is not protonated until the transfer of the
second electron (see Okamura and Feher (1992) for a detailed
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discussion), the coupling of electron and proton transfer be-
gins with the transfer of the first electron:

hv AG
DQ,Qz = D*Q,Q; =D"Q,Q; Q)

Reduction of either quinone results in an increase in the net
protonation of the RC (not shown in Eq. 2), although neither
quinone is protonated directly (Maroti and Wraight, 1988;
McPherson et al., 1988). Furthermore, proton uptake asso-
ciated with reduction of Qg is greater than that for Q,, which
gives rise to a pH dependence of the free energy difference
between the two quinone redox states (i.e., Q,Qp
and Q,Qp). Understanding the proton uptake associated
with electron transfer is important because it affects electron
transfer energetics, and it is likely that this proton uptake is
also associated with the protonation of Q.

Several experiments have addressed the protonation and
electron transfer in RCs. Electron transfer between Q, and
Qg affects the solution pH (protons are taken up from so-
lution by the RC) and the optical absorption of RC cofactors
and amino acids (interactions with the electron shift absor-
bance bands). These changes provide means of experimen-
tally examining the electron transfer reaction. The identifi-
cation of important residues in electron transfer and proton
uptake comes from experimental measurements on RCs that
have been altered by site-directed mutagenesis (for reviews,
see Okamura and Feher (1992) and Feher et al. (1992)). The
approach has been to replace a titratable amino acid with a
non-titratable residue and to compare the electron and proton
transfers in the mutant with those observed in the wildtype
RC.

This paper addresses theoretical aspects of the changes in
protonation of interacting residues in the RC and the ener-
getics associated with the single electron reduction of Q, and
Qg. We apply a continuum electrostatic model (Bashford and
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Karplus, 1990; Yang et al., 1993) to investigate the titration
of amino acids in the RC when the quinones are in their
neutral and reduced states and compute the electrostatic com-
ponent of the free energy of electron transfer. The calcula-
tions are based on the crystallographic structure of the RC
from Rb. sphaeroides (Allen et al., 1987a,b). The continuum
electrostatic model was used to compute energies of different
protonation and redox states; statistical averages for titration,
proton uptake, and electron transfer equilibrium were ob-
tained by Monte Carlo sampling (Beroza et al., 1991), with
special procedures used to sample the quinone redox states.

We begin the investigation of electron transfer energetics
by calculating the titration curves for the amino acids in the
RC in which both quinones are in their neutral state. We
concentrate on the titration of residues that are near the qui-
none binding sites (Fig. 1), because they will have the stron-
gest influence on electron transfer between the quinones.
Next, we calculate the amino acid pK, shifts resulting from
reduction of the quinones, from which the pH dependence of
the free energy of electron transfer is obtained. We then in-
clude the electron transfer states in the statistical analysis and
compute the equilibrium between the electron transfer states
Q,Qp and Q,Q;, from which the absolute free energy of
electron transfer is obtained. The effect of site-specific mu-
tation of acidic residues near Qg is also explored. At each
stage of the calculations, experimental results are reviewed
and compared with computational results.

COMPUTATIONAL MODEL

To investigate the energetics of electron transfer and proton
uptake in the RC we use a continuum electrostatic model. In
this model the protein is treated as a set of point charges
(representing the charges and polar bonds of the amino acids)
that are inside a low-dielectric continuum (the protein),
which is embedded in a high dielectric continuum (the sol-
vent). The electrostatic energy of a charge distribution in the
protein is determined from the electrostatic potential within
the protein, which is calculated by solving the Poisson-
Boltzmann equation (McQuarrie, 1976). Initially applied to
spherical geometries (Tanford and Kirkwood, 1957), the
model has recently been extended to arbitrary geometries
through the application of numerical methods (Warwicker
and Watson, 1982; Davis and McCammon, 1990; Sharp and
Honig, 1990; Gilson and Honig, 1988). This has allowed an
atomic level of detail in calculations of electrostatic poten-
tials within proteins. (Methods that model atomic polariza-
tion as induced point dipoles (see, for example, Warshel &
Russel (1984)) also maintain this level of detail, although it
is computationally feasible to treat only limited regions of a
protein in this manner.) Several workers have applied the
continuum model to calculate the pK, of amino acids in pro-
teins (Bashford and Karplus, 1990; Yang et al., 1993; Bash-
ford and Gewert, 1992; Oberoi and Allewell, 1993). We ap-
plied the finite-difference method to this problem as
discussed in a separate paper (Beroza and Fredkin, manu-
script submitted for publication).
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FIGURE 1 The positions, as determined by x-ray crystallography (Allen
et al., 1987a,b) of the quinones, Q, and Qy, the iron, and the sidechains of
nearby titratable residues that, when ionized, have an interaction energy >50
meV with either reduced quinone. A number of acidic residues near Qg have
been shown experimentally to influence electron transfer to Qg (Okamura
and Feher, 1992).

We describe the application of the continuum electrostatic
model to the 1) calculation of the titration curves of indi-
vidual amino acids in the RC when quinones are neutral, 2)
calculation of the change in protonation (proton uptake) of
the amino acids for the two redox states Q, and Qg, and 3)
calculation of free energy of electron transfer.

Calculation of amino acid titration

It is convenient to separate the pK, of a titrating amino acid
residue (we consider the titratable amino acids to be aspartic
and glutamic acids, histidine, cysteine, tyrosine, lysine, and
arginine) that is bound to a protein into two parts: the intrinsic
pK, (pK,,) and the effect of site-site interactions. The in-
trinsic pK, is defined as the pK, a residue would have if all
other titrating sites were held in their neutral state (Tanford
and Roxby, 1972), and which is, therefore, independent of
the protonation state of other titrating sites. The effect of
site-site interactions depends on which of the interacting sites
are charged, and is, therefore, dependent on the protonation
state of other titrating sites.

Single-site titration

The transfer of the amino acid from solution to the protein
shifts the energies of its two protonation states, which causes
a shift in the pK, of the residue from its value in solution. If
we assume other titrating sites are in their neutral state, this
shift gives the intrinsic pK, of the residue:

PKin = PK, + ApK, )
where pK; is the pK, of the residue in solution (known ex-
perimentally) and ApK is the pK, shift, which is related to
the free energies of the protonation states in solution and in
protein (see Fig. 2) by:

ApK = — (AGH — AG?,), @)

1
kT In 10
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FIGURE 2 Thermodynamic cycle for titration calculation. The change in
pK, when the amino acid is bound to the protein is proportional to the
difference AGAH — AGA,| = AG)™" — AGHAM", where the sub-
scripts s and p refer to solution and protein, respectively. In our model, we
assume this energy difference to be entirely electrostatic in origin.

where the subscripts refer to solution (s) and protein (p). The
difference in the free energy associated with protonation of
an amino acid that it is bound to the protein from its value
in solution is given by:

AGM — AGA

sop & = AGHAT — AGHAY, 5)
The quantities on the right side of Eq. 5 are calculated for
each titratable residue in the protein using continuum elec-
trostatic theory, from which the pK,, for each residue is ob-
tained from Egs. 3 and 4.

The origins of the shifts in pK, from their values in solution
lie in the difference between the interactions that the two
states of the amino acid have with the protein, solvent, and
counterions. In our model, we assume these differences to
result from electrostatics. There are clearly other energies
(besides electrostatic) that are associated with the transfer of
an amino acid from solution to protein. For example, the
amino acid forms chemical bonds with the flanking amino
acids on the polypeptide chain. The assumption is that these
changes are the same for both protonation states, e.g., the
bonds formed when the residue is incorporated into a
polypeptide chain are far enough away from the protonation
site so that these energies are unaffected by titration. Thus,
the ApK caused by the protein results from the altered elec-
trostatic environment of the residue when it is bound to the
protein. This energy has two sources.

1) ApK,,, (solvation). Interactions with the polarization
that the amino acid induces in dielectric media and the in-
teractions with the counterions that redistribute in response
to the electrostatic field of the amino acid.

2) ApK,,, (background). Interactions with polar bonds and
permanent charges when all other titrating sites are neutral
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(note that this includes the effect of the polar bonds in the
neutral titrating sites).

Muitiple-site titration

The titration of an amino acid bound to a protein is influenced
by the protonation state of other titrating sites, which are not
taken into account in the calculation of the intrinsic pK, dis-
cussed in the previous section. The net effect of other titrating
sites on the pK, of a residue is statistical, and we must con-
sider all accessible states of the system when computing the
average protonation of a titrating residue. In defining ac-
cessible states of the protein we make four major assump-
tions: 1) the electrostatic energies of the different protonation
states of the protein are not affected by protein motion and
may be calculated from the static x-ray structure; 2) the state
of a protein is uniquely defined by the protonation state of
each titratable residue; 3) the change in pK, of an amino acid
when it is bound to a protein is entirely electrostatic in origin;
and 4) the dielectric response of the protein and solvent is
approximately that of a dielectric continuum, and the dis-
tribution of counterions is given by the Debye-Hiickel
theory.

Given these restrictions, the state of a protein can be de-
fined by a vector x whose elements specify the number of
protons bound to each titrating site (either 0 or 1). Thus, for
a protein with N titrating sites, a state is defined by a vector
of dimension N:

X = (X}, X5 cees Xn)»

where x; is the protonation state of site i. The average pro-
tonation of a site, {x;), is found by a statistical average (Boltz-
mann weighted sum) of all protonation states of the protein:

Exie‘c(x)/kn'f

{x}
(x)=T——, ©)
where x, is the protonation state of site i when the protein is
in protonation state X, G(x) is the free energy of protonation
state x, Z is the partition function (Z = 2, e 0®kT), ky is
Boltzmann’s constant, T is the temperature, and the sum is
over all possible protonation states. Thus, the average pro-
tonation of a titrating residue is a statistical problem that
involves all the protonation states of the protein. Therefore,
the titration of a residue is not easily defined by a single
number (pK,), and the resulting titration curve is often quite
different from a classical single-site titration curve (i.e., Fig.
2 and consequently Eqgs. 4 and 5 are inadequate for multiple-
site titration). We define the pK, of a residue as the pH at
which (x;) = [1/2].

Calculation of the average protonation of a titrating site
separates into two parts: 1) calculating the free energy, G(x),
for any given protonation state x; and 2) calculating the
Boltzmann average (Eq. 6) for the 2" states of the protein.
When these steps are carried out for different pH values,
titration curves for the residues are obtained.
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Calculation of G(x)

To evaluate Eq. 6, one needs to determine G(x) for any pro-
tonation state X. The method we used for calculating the
energy of a protein microstate is similar to that described
previously (Bashford and Karplus, 1990; Yang et al., 1993).
An intrinsic pK, is calculated for each titrating residue and
a matrix of interactions between charged titrating sites is
calculated. The energy of a protonation state X is:

N N
G(x) = Exi(_kBTln]'O)(pKim,i - pH) + %UZ:l‘Ii‘Ij W, (D)

i=1 1#j

where pK,,; is the intrinsic pK, of site i, g; is the charge on
site i (i.e., g, = x; for cationic sites and g; = x; — 1 for anionic
sites) and W;; is the interaction energy associated with charg-
ing sites i and j (see Yang et al. (1993) for discussion).

The intrinsic pK;s and site-site interaction matrix (W) are
calculated from continuum electrostatic theory. For a given
protonation state x, the charge distribution in the protein is
fixed, and in the continuum model, the electrostatic energy
is determined by the electrostatic potential at these charges,
which is specified by: 1) the dielectric constant, €(r), within
the region; 2) the distribution of free charge, p(r), in the
region; and 3) the boundary conditions for the potential on
the surface enclosing the region. The details of the calcula-
tion of electrostatic energy will be presented elsewhere (P.
Beroza and D. R. Fredkin, submitted for publication) and are
similar to those used by other workers (Bashford and Kar-
plus, 1990; Yang et al., 1993).

We used the RC coordinates (prerelease structure PARCR,
date 09-SEP-91, resolution of 2.8 A with an R value of 0.227)
as deposited in the Brookhaven Protein Data Bank (Bernstein
et al., 1977). Some residues near the amino and carboxy
termini of the subunits are omitted from the structure because
they could not be reliably located in the electron density. Of
these, six are titratable residues (Glu M2, Tyr M3, Asp H11,
Lys H249, Glu H258, and Tyr H259), which, in addition to
the carboxy and amino termini of the three subunits, make
a total of 12 titrating sites that are omitted from our model.
In addition, the ligands to the iron were considered to be part
of the non-titrating amino acids. The histidine ligands were
assumed neutral, and the glutamic acid (M234) was assumed
ionized. With these restrictions and the omission of the un-
resolved titrating sites, the number of titrating sites is reduced
from 172 to 155.

The coordinates of the heavy atoms (i.e., non-hydrogen
atoms) were taken from the Protein Data Bank. Hydrogen
atoms were added using the computer program Insightll
(Biosym Technologies, San Diego, CA). Where possible,
positions of polar hydrogens near the quinones were adjusted
by hand to optimize hydrogen bonding. A solvent probe of
radius 1.4 A was used to define the molecular surface
(Richards, 1977; Connolly, 1983), which separates the pro-
tein dielectric from the solvent dielectric. Ionic strength was
50 mM KCl, in accord with experimental conditions used for
measuring proton uptake (McPherson et al., 1988). The sol-
vent dielectric constant was taken to be 80 and the protein

Biophysical Journal

Volume 68 June 1995

dielectric constant 4 (see Harvey (1989), Gilson and Honig
(1986) for discussion of the choice of dielectric constant of
a protein).

The charge distribution of the amino acids in the protein
were taken from the DISCOVER parameter set (Hagler et al.,
1973). The cofactors were considered entirely apolar (i.e., all
partial charges set to 0), with the following exceptions. 1) All
carbonyl bonds in the cofactors (including the quinones in the
unreduced state) were assigned a partial charge of +0.38¢ on
the carbon and —0.38e¢ on the oxygen, consistent with the
carbonyl bonds in the protein. 2) The +2e charge on the
non-heme iron was delocalized over the iron-histidine com-
plex, with +0.7¢ localized on the iron and +1.3e distributed
evenly over the heavy atoms of the four imidazole rings that
are ligands to the iron. This charge distribution on the iron-
histidine complex is based on calculations of the electronic
structure of metal-imidazole complexes (L. Noodleman, C.
Fisher, and J. Li, personal communication). Delocalization of
the negative charge of the glutamate over the iron complex
had little effect on the results. 3) The negative charge on the
reduced quinone was distributed with Y3 on each carbonyl
oxygen and Y3 spread evenly over the six carbons of the
quinone ring.

The atomic van der Waals radii used in the calculations
(see Table 1) were taken from Yang et al. (1993). The van
der Waals radii used for the continuum electrostatic calcu-
lations are similar to those of the PARSE parameter set (Sit-
koff et al., 1994), which has been optimized to reproduce
small molecule solvation energies from a continuum elec-
trostatic model that uses the partial charges from DIS-
COVER (Hagler et al., 1973).

Calculation of thermal averages

Evaluation of the Boltzmann sum in Eq. 6 presents a problem
for all but the smallest proteins, as the number of terms in
the sum grows exponentially with the number of titrating
sites. Consequently, computing the complete sum exactly is
only feasible for small proteins, such as lysozyme (Bashford
and Karplus, 1990). For larger proteins, approximation meth-
ods must be employed. The mean-field approximation for
multiple-site titration (Tanford and Roxby, 1972) has been
shown to fail for strongly coupled sites (Bashford and Kar-
plus, 1991). Methods that either discard some of the unlikely
states in the partition function (Bashford and Karplus, 1991)
or treat clusters of interacting sites exactly and use the mean-
field approximation for interactions between sites in different
clusters (Yang et al., 1993; Gilson, 1993) have been found
to be successful in calculating the sum for most proteins.
However, for a protein as large as the RC, which has
large clusters of strongly interacting sites, these methods fail.
We have demonstrated that Monte Carlo sampling of pro-
tonation states gives reliable titration curves for very large
proteins with strongly interacting sites (Beroza et al., 1991).
We use this method to determine the titration curves pre-
sented here.
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The intrinsic pK s and the matrix of site-site interactions
in Eq. 7 were calculated for all titrating sites in the RC that
were resolved in the x-ray structure. The titration behavior
of these residues was determined by Monte Carlo sampling
of the protonation states of the protein by varying the pH
from 0 to 15 in 0.5 pH increments.

Calculation of proton uptake associated with the
reduction of the quinones

Calculating the proton uptake resulting from reduction of
either quinone involves two separate calculations of the net
protonation of the RC, one with the quinone neutral, the other
with the quinone negatively charged. The average net pro-
tonation of the RC is given by:

N

<xtot> = <2xi )’ (8)

i=1

where (x,) is the average protonation of site i, and N is the
total number of titrating sites. The change in net protonation
of the RC that results from electron transfer to Q, is then
given by:

AH"(Q,Q5 — QQp) = <xtot>0 Qs <xtot>QAQB, )

where (x,,)qzq, is the average net protonation of the RC
when Q, is reduced and (x,,)q,q, is the average net proto-
nation of the RC when Q, is neutral. The proton uptake for
reduction of Qg is given by a similar equation. Henceforth,
when we refer to proton uptake, we mean the quantity in Eq.
9 rather than changes in protonation that are associated with
changes in pH (i.e., titration).

Calculation of free energy of electron transfer
AG from proton uptake

The free energy difference between Q, Qg and Q,Qj is re-
lated to the proton uptake by the thermodynamic relation
(McPherson et al., 1988):

AG(Q;Qp — Q,Q3) = k,T1n10
(10)

pH:
X f A[H*IQxQs — QuQ5)dpH + AG,y,

pH1

where AH" is the net proton uptake by the RC upon electron
transfer from Q, to Qg, and AG,y is an integration constant
(i.e., the free energy of electron transfer at the lower limit of
integration). Note that this method gives the free energy dif-
ference only to within an integration constant.

AG from equilibrium population of Q; Qg

In the calculation of the free energy difference from the in-
tegral of the proton uptake (Eq. 10), thermal averages of
protonation of amino acids were calculated for fixed quinone
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TABLE 1 Atomic van der Waals radii used to calculate the
dielectric interface between protein and aqueous solution
(Yang et al., 1993)

Atom Radius (&)
C 19
N 1.65
o] 1.6
H 1.0
S 19
Mg 1.75
Fe 1.95

redox states (i.e., Q,Qp, Q5 Qg, and Q,Qg). An alternative
method for determining the free energy difference allows the
redox states to vary in the thermal average in the same way
protonation states are allowed to vary. This modification to
the model, in which the redox states of the quinones are
included in the statistical distribution, allows us to calculate
the relative population of the Q. Qg state in the
Q. Qg < Q,Qf equilibrium. The free energy is obtained
from the thermodynamic relation (Kleinfeld et al., 1984):

AGQ;Q— QuQ5) = kTl ——, (i1

where « is the partition coefficient, given by:

_ [QxQy]
*=0:Q,] + [0:031° (12

Unlike the method of integrating the proton uptake, which
gives the pH dependence of the free energy difference only
up to an undetermined integration constant, this method al-
lows direct calculation of the absolute free energy difference.
Because charge recombination between Qg and the oxidized
donor (D*) was shown to proceed indirectly via a thermal
population of Q. (Kleinfeld et al., 1984), o and AG are
related to the charge recombination rate by:

kgp = akup, = kap/(1 + e~26keT), 13)

where k,;, and kg, are the charge recombination rates be-
tween the primary donor, D*, and Q; and Qj, respectively.
From the calculated value of a and the experimentally meas-
ured value for k,,, kg, can be calculated from Eq. 13 and
compared with the experimentally measured value.

Sampling electron transfer states

To obtain the partition coefficient, a, from which AG is ob-
tained by Eq. 11, we apply the continuum electrostatic model
to the quinone redox states. The same thermodynamic cycle
that was used for amino acid protonation (Fig. 2) is used, but
instead of the protonation state the redox state is changed.
The same approximation made for amino acid titration is
made for quinone reduction: the redox potential of a quinone
bound to the RC is equal that of a quinone in solution plus
an electrostatic shift caused by the protein environment. As
in the case of an amino acid, the electrostatic energy of a
quinone can be divided into two parts: 1) AG?,, the “intrinsic

nt?
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redox potential” (in analogy to the intrinsic pK, of an amino
acid), which is the redox potential in solution plus the elec-
trostatic interaction with the non-titrating charges in the pro-
tein and 2) AG¢,,, which results from the electrostatic inter-
actions with titrating sites. Note that the redox potential of
a quinone is not directly coupled to the protons in solution,
but is indirectly coupled to them through its interactions with
titrating sites.

Incorporating the redox states of the quinones into the
statistical mechanical analysis is straightforward. The di-
mension of the state vector is increased by two: x = (x,, x,,
X5 X,, ...Xy), Where x, and x, represent the redox state of Q,
and Qg (1 = reduced, 0 = neutral). The W matrix of site-site
interactions (see Eq. 7) is also increased to include the in-
teractions between the quinones and the titrating sites. Only
one electron is transferred between the quinones, and, there-
fore, only one electron is allowed in the Monte Carlo sam-
pling. Thus, only the Q. Qg and Q,Qp states are sampled,
while the Q,Qp and Q,Qj states are not.

The total number of accessible states of the protein is in-
creased, and the partition coefficient (i.e., the average popu-
lation of the Q, Qj state) is given by

S x,e~Bo®

X
a=(n)="—F— (14)
where x, = 1 when the electron is on Q, and 0 otherwise.
Thus, the calculation of a, the average redox state of Q,, is
very similar to the calculation of (x,), the average protonation
state of a titrating site (see Eq. 6). The only difference is that,
when calculating a, the redox states of Q, and Qg are in-
cluded in the state vector x.

Non-Boltzmann sampling

Initial calculations showed that only one redox state
(Q, Qp) was significantly populated. The relative population
of the Q,Qy state was small (<0.1), which prevented accu-
rate sampling of the protonation states when the electron was
on Qg. To get around this sampling problem we use a non-
Boltzmann sampling technique (Chandler, 1987) which bi-
ases the Monte Carlo trajectory to insure that both quinone
states are well sampled. For a given pH, a constant G, is
subtracted from the redox energy of the Q,Qy state, which
artificially lowers the energy of Q,Qg (i.e., G,  depends
only on the location of the electron and not on the protonation
state). The free energy driving the sampling, G, is related
to the true free energy of the system, G,,, by G, =
Gamp T Giinse The energy bias is adjusted until a ~ 3. Forcing
the electron to reside on Qg half of the time improves the
sampling of the states of the protein in which the electron is
on Qg. However, the energy bias skews the distribution of
states in favor of the unlikely Q,Q states; as a result, the
sampled set no longer obeys the correct Boltzmann
distribution.

To correct for the error introduced by the bias, the com-
puted averages of the sampled Q,Q states are reduced by
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the Boltzmann factor of the energy bias. The correct averages
are obtained by separating the Boltzmann factor in Eq. 14:

2 {xae—Gbin(x)/ksT e-cs..,.,(x)/m}
x

a=(x)= S (e Con (/T o ~Cump (RaT) 15)

which is the same as Eq. 14, but the Boltzmann factor has
been separated and the partition function has been written
explicitly.

The numerator and denominator correspond to statistical
averages over the free energy G, Thus, we can drive the
Monte Carlo sampling according to G, but evaluate a
weighted average to obtain a:

<xa e~ Gvias (R)/k o
<€ Gias ( )/kBT>samp ( )

where the brackets represent averages from the biased Monte
Carlo sampling. This non-Boltzmann sampling increases the
accuracy of the calculated AG values by sampling the
Q,Qp states more accurately.

Modeling mutant RCs

An important goal of these calculations is to determine the
effect of site-directed mutagenesis on the experimentally
measured value of kg, the charge recombination rate, which
probes the free energy of electron transfer between Q, and
Qg. In the calculations, the recombination rate was deter-
mined from the experimental value of k,;, and the calculated
value of « by using Eq. 13. The mutants studied were those
in which an acidic residue (Glu or Asp) was replaced by its
non-titrating analog (Gln or Asn). Site-directed mutagenesis
was simulated by changing the intrinsic pK, of the mutated
residue to force it to be always neutral. The two main ap-
proximations made in the calculations for mutated RCs are
that 1) the structure of the RC is not affected by the mutation,
and 2) the titrating acid in its neutral (protonated) form is
equivalent to the non-titratable residue to which it is mutated
(i.e., a protonated Glu is equivalent to a Gln). Although the
charge distributions on the neutral acid and the non-
protonatable mutants have different dipole moments, the ef-
fect of this difference is expected to be small compared with
the change in net charge on the residue. The charge recom-
bination rates were calculated by the following procedure:

1) The partition coefficient « (i.e., the fractional popula-
tion of the Q , Qg state) at pH = 7 was calculated for wildtype
and mutant RCs by Monte Carlo sampling.

2) AG(Q, Qg — Q,Qp) at pH 7 was calculated from «
using Eq. 11, and the systematic error for wildtype RCs (see
below) was subtracted from each result.

3) The pH dependence of AG(Q, Qy — Q,Qp) for each
mutant was calculated by integrating the difference in net
protonation of the RC when the electron is transferred from
Q, to Qg (see Eq. 10).

4) The pH dependence of kg, was calculated from the
calculated free energy and the experimental value of k,;, and
Eq. 13.
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TITRATION OF AMINO ACID RESIDUES IN THE RC
Computational results

Before we discuss electron transfer, we examine the titration of
amino acids in the RC when both quinones are in their neutral
state. The titration curves (the pH dependence of the average
protonation of a titrating site) were calculated for all 155 sites that
were resolved in the x-ray structure. Although all sites must be
included because of the long-range nature of electrostatic forces,
the effect of sites near the quinones is most important. We dis-
cuss, therefore, only the titration of those nearby residues. The
interaction energies between the reduced quinones and nearby
titrating residues are shown in Tables 2 and 3.

The interactions in Table 3 tend to be weaker than those
reported previously (Gunner and Honig, 1992), and in some
cases the difference is large. For example, we calculate an
interaction between Asp L210 and Asp 1213 of 3.4 pK units
compared to 6.2 (Gunner and Honig, 1992). However, the
previous calculations (Gunner and Honig, 1992) were based
on an earlier refinement of the RC structure. Subsequent
recalculation based on the newer structure gives an interac-
tion energy between Asp 1.210 and Asp L213 of 4.1 pK, units
(M. Gunner, personal communication), which is in better
agreement with our result. The remaining discrepancies re-
sult from their use of slightly different atomic radii and par-
tial charges and their approximation to the molecular surface
that appears to slightly overestimate the region of low di-
electric constant, resulting in larger interactions between
charged sites (M. Gunner, personal communication).

As described above, the titration of a residue is influenced
by three factors: solvation (ApK_,,), background interactions
(ApK,,), and interactions with charged titrating sites. In the
continuum model, the dielectric constant near the titrating
site in the protein is lower than in solution. As a result,
ApK,,, shifts the pK, to favor the neutral form of the residue.
The size of this shift depends on how deeply the residue is
buried in the low dielectric of the protein, and for residues
near the quinone binding sites, this shift is several pK, units.
However, the interactions of a residue with dipoles or per-
manent charges in the protein (ApK,,) or with charged ti-
trating sites can offset this shift.

Titration of residues near Q,

The intrinsic pK;s of residues that have an interaction with
Q, of >50 meV (i.e., >0.8 pK units) are shown in Table 4.

TABLE 2 Site-site interactions* near Q; (in pK, units)
Tyr Glu~ Cys™ His* Arg* Tyr™

Residue H40  L104 L108 L1166 M247 L9
Qx 28 1.9 1.6 -0.9 -0.9 0.9
Tyr- H40 06 0.7 -0.4 -14 24
Glu- L104 42 -1.0 -0.6 0.4
Cys™ L108 -138 -1.2 0.7
His* L116 06  -04
Arg* M247 -72

*The electrostatic interactions between charged residues and the reduced
quinone (i.e., W;; in Eq. 7).
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The sites near Q, are not well solvated, which results in large
shift in pK, values. For both cationic and anionic sites, the
shift favors the neutral form of the residue (i.e., ApK_,, >0
for anions and <O for cations). For Tyr H40, Glu L104, Cys
L108, and Tyr L9, the background interactions do little to
alter the effect of desolvation, and the very large intrinsic
pKs for these residues suggest that they are neutral through-
out the entire experimental pH range unless there are large
compensating interactions with other titrating sites. Arg
M247 and His L116 have depressed intrinsic pK s because
of loss of solvation. Arg M247 has large (3 pK, units) com-
pensating interactions with dipoles in the RC. His L116 has
no such compensating interactions and is probably neutral in
the experimental pH range.

The titration curves, as calculated from the Monte Carlo
sampling, for these residues are shown in Fig. 3 A. Only Arg
M247 is found to titrate significantly below pH 12. The
anomalous titration is the result of an interaction with Lys
L110, which titrates in the same pH range. The other titrating
sites listed in Table 2 remain predominantly neutral through-
out the pH range. Thus, aside from Arg M247, there are no
charged residues close to Q,.

Titration of residues near Qg

The titration of residues near Qg is much more complicated
than those near Q,. There are two reasons for this. First, there
are a larger number of sites that interact strongly with Qy (see
Fig. 1). Second, these sites interact more strongly with each
other, complicating the titration behavior of the individual
residues.

The intrinsic pKs of residues that have an interaction with
Qg of >50 meV are shown in Table 5. The most striking
feature of Table 5 is the large negative pK, shifts from back-
ground interactions. For acidic sites, these interactions ap-
proximately cancel the pK, shifts caused by desolvation. For
cationic sites, such as Arg H177 and Arg M233, these back-
ground interactions shift the intrinsic pK,s down, in the same
direction as the ApK_,,. Thus, without considering interac-
tions between titrating sites, the environment (as far as ti-
tration is concerned) near Qy is strikingly similar to aqueous
solution for acidic residues.

What is responsible for the background interactions that
favor the ionization of the acids near Qg? One obvious can-
didate is the iron and its ligands, which carry a net positive
charge. This charge would stabilize the negative form of an
acid, thereby lowering its pK,. However, an analysis of the
background energy reveals that the iron/ligand complex con-
tributes a relatively small amount to the negative background
energies in Table 5. Its largest interaction is with Glu L212,
which results in a pK, shift of ~-2 pK, units, only 5 of the
total stabilization. The interaction between the iron/ligand
complex with other nearby acids, Asp L213 and Glu H173,
is ~-1 pK, unit, which is only %4 of the total ApK,,.

A large part of the stabilization of acidic residues re-
sults from their interactions with peptide bonds in the
polypeptide backbone of the RC. The peptide bond has a
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TABLE 3 Site-site interactions* near Qg (in pK, units)
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Glu™ Asp™ Glu~ Arg* Glu~ Arg* Asp” Lys* Arg* Glu~ Tyr~ Asp™ His*

Residue 1212 1213 H173 1217 H122 H177 H170  HI130  M233  M232 L1222 1210 M145
Q3 4.8 29 22 -1.2 1.2 -1.2 1.1 -11 -1.1 1.1 0.9 0.9 -0.9
Glu™ 1212 34 2.6 -1.1 2.8 -24 24 -2.6 -2.6 1.9 0.5 14 -0.9
Asp™ 1213 49 -3.4 20 -2.0 22 -2.0 -1.8 14 0.8 34 -03
Glu™ H173 -1.8 2.0 -31 3.2 =22 -2.0 22 1.0 1.5 -0.2
Arg* 1217 -0.6 0.8 -09 0.7 0.6 -0.6 -1.0 =27 0.2
Glu™ H122 -3.2 3.0 -7.6 -8.7 20 0.3 0.9 -0.2
Arg® H177 -14.4 55 4.4 =35 -04 -0.9 0.2
Asp~ H170 -6.3 -34 23 0.4 1.1 -0.2
Lys* H130 59 -2.0 -0.3 -10 0.2
Arg* M233 -2.8 -0.3 -0.8 0.2
Glu~ M232 04 0.6 -0.2
Tyr~ L222 0.4 -0.1
Asp~ 1210 -02

*The electrostatic interactions between charged residues and the reduced quinone (i.e., W,; in Eq. 7).

TABLE 4 Intrinsic pK,s of residues that
have an interaction of >50 meV with Q;

Residue pKo* ApK,.} ApK,,} PK,'
Tyr H40 9.6 9.9 -39 15.6
Glu L104 4.4 8.2 14 14.0
Cys L108 8.3 9.4 23 20.0
His L116 6.3 -4.2 -0.7 14
Arg M247 12.5 -7.4 3.0 8.1
Tyr L9 9.6 11.6 58 27.0

*pK,,,» PK in solution.

*ApK,,,,, shift in pK, resulting from solvation.

5ApK,,g, shift in pK, resulting from background interactions.

pK,,, the intrinsic pK, is the pK, a residue would have in the protein if all
other titrating sites were in their neutral states; it is given by pK, =

PKy + APK,, + Aprg‘

permanent dipole moment, and when this moment is di-
rected toward a negative charge, the interaction energy is
negative and, therefore, stabilizing. The structural motifs
in the RC that are responsible for orienting peptide di-
poles to stabilize negative charge near Qp have been de-
scribed by Gunner and Honig (1992). The four acidic
residues that interact most strongly with Qg (Glu L212,
Asp 1213, Glu H173, and Glu H122) have interactions
with the peptide dipoles that lower their pK,s. The largest
contribution is from the transmembrane E helix from the
L subunit (ApK = -1.15). Although some interactions
with specific peptide bonds are large (e.g., the pK, shift
of Glu L212 resulting from the backbone atoms in Gly
L225 in the E helix is ~-0.4), much of the stabilization
results from the cumulative effect of many oriented di-
poles that are up to ~20 A away from the acids they
stabilize. Almost half of the -1.15 pK, shift of Glu L212
caused by the E helix results from interactions with
peptide bonds that are each less than 0.2 pK, units in
magnitude.

Thus, the stabilization of acidic residues near Qg is mainly
the result of interactions with peptide dipoles of the polypep-
tide backbone of the RC and, to a lesser extent, with the net
positive charge of the iron/ligand complex.

Another effect that is very pronounced in the Q; region is
the influence that the titrating residues have on each other.

Unlike the sites near Q,, the interactions between sites in the
Qj region are large (compare Tables 2 and 3). The Qg region
contains a number of cationic sites in proximity to anionic
sites, an arrangement that stabilizes the ionized forms of
each. These residues have to pay high solvation penalties for
their ionized forms, but the interactions with opposite
charges compensate for this penalty.

The titration curves, for the residues closest to Qy, as cal-
culated from the Monte Carlo sampling, are shown in Fig. 3
B. Many of the titrating sites near Qg have fixed protonation
states during the entire pH range of the calculation (0-15).
All cationic sites listed in Table 3 are protonated and have,
therefore, a fixed, positive, charge (Arg 1217, Arg H177,
Arg M233, Arg H117, and Lys H130). This is remarkable
given that many of these residues have intrinsic pK s which
are more than 10 units lower than their pK_s in solution (see
Table 5). Anionic sites that interact strongly with these
charged cationic sites are also ionized. This mutual stabili-
zation allows the residues to be ionized even though they are
poortly solvated.

Of the three acidic residues nearest Qg, Glu L212 and
Glu H173 titrate in the low pH region (see Fig. 3 B). The
titration of Glu L.212 is very gradual; it has an average
protonation between 0.1 and 0.9 from pH 2 to pH 9. This
is the result of many weak interactions with titrating sites
closer to the surface that counteract the effects of pH.
Gunner and Honig (1992) calculated Glu 1L.212 to be fully
ionized from pH 5 to 11. It has been shown that the cal-
culated titration curve for Glu L212 is very sensitive to
variations of the parameters of the continuum electro-
static model (Beroza et al., 1994). The probable cause for
the higher pK, in our calculation is the charge on the
non-heme iron, which is distributed over the four histi-
dine ligands; this tends to move positive charge away
from Glu L212, thereby stabilizing its protonated state.

Asp 1213 has a very peculiar titration curve, with an av-
erage protonation that increases with increasing pH. This
anomaly results from strong interactions with Asp L210 and
Glu L212. As these two residues deprotonate, the unfavor-
able interaction with the ionized form of Asp L.213 raises its

PK,.
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FIGURE 3 Theoretical calculation of titration curves for residues near Q,
(A) and Qg (B) that have an interaction energy with the reduced quinone
of >50 meV. (A) Most residues near Q, have a fixed protonation state. Glu
L104 begins to titrate in the high pH range. Arg M247 has an anomalous
titration that begins at pH ~5, while at pH = 15 it is still partially protonated.
(B) Near Qy, four acids titrate in the pH range 015 (all strongly interacting
residues that are not shown are ionized throughout this pH range). All ti-
trations are more gradual than that given by a classical single site titration
curve. The protonation of Asp L213 increases with pH as a result of un-
favorable interactions with the depronating Asp L210 and Glu L212.

Review of experimental results

Qg is the ultimate proton and electron acceptor; conse-
quently, experiments have focused on the mutation of resi-
dues near Qg. The two closest residues to Qg, Glu L212 and
Asp 1213, have been mutated to glutamine and asparagine,
respectively (Paddock et al., 1989, 1990; Takahashi and
Wraight, 1992). In addition, Asp 1210, which, because of its
proximity to Asp 1.213 and greater exposure to solvent, may
be part of a proton transfer chain to the more buried acids
L1212 and L213 (Beroza et al., 1992), has been mutated to
asparagine (Paddock et al., 1992). Other mutants in this re-
gion have been constructed, but they involve less conserva-
tive structural changes and will not be discussed here. The
experimental evidence for the titration of individual residues
comes from changes in the charge recombination rate (k)
for the electron transfer reaction D*Q,Q; — DQ,Qj (to be
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TABLE 5 Intrinsic pK,s of residues that have an interaction
of >50 meV with Qg*

Residue szoln Aszolv Aprg p&m
Glu L212 44 5.7 ~6.4 3.7
Asp 1213 4.0 4.2 -4.0 4.2
Glu H173 44 4.2 -5.4 3.2
Arg L217 12.5 -39 03 8.9
Glu H122 44 54 -5.2 4.6
Arg H177 125 -4.6 -8.2 -0.3
Asp H170 4.0 4.7 -14 7.3
Lys H130 10.4 -7.8 -2.3 0.3
Arg M233 12.5 -4.6 -1.0 6.9
Glu M232 44 44 =70 18
Tyr L222 9.6 7.7 1.3 18.6
Asp L210 4.0 31 -1.7 5.4
His M145 6.3 =27 -1.6 2.0

*Heading definitions are the same as for Table 4.

discussed in a later section). Because glutamine and aspar-
agine are neutral in the pH range for which the RC is stable
(pH 4-11), changes in kg, resulting from these mutations
have been ascribed to a net charge change from -1 (the ion-
ized acid) to O (the neutral amide). The implications of these
changes for amino acid titration are summarized in Table 6.

One striking result from the studies of charge recombi-
nation in mutated RCs was the effect of the Glu — Gln
mutant at position L212. In native RCs, the rate of charge
recombination from the reduced quinone to the oxidized pri-
mary donor (i.e., D*Qg; — DQp) increases with pH for
pH > 9. This is consistent with the titration of an acidic
residue near Q. Such a titration would introduce a negative
charge that would interact unfavorably with the reduced qui-
none, raising the energy of the Q,Qy state and increasing the
rate of electron transfer from the quinone to the donor. In the
L212 Glu — GIln mutant RCs, this pH dependence is absent
(Paddock et al., 1989), and the charge recombination rate
remains constant with pH. In addition, below pH 9, there is

TABLE 6 Summary of the pK,s of three acidic residues near
Qj, deduced from experimental results on site-directed
mutants

Residue Mutation Conclusion

L212 Glu - GIn 1) The slope of kg, at high pH is removed,
suggesting that Glu L212 titrates in the high pH
range (pK, ~ 9.5) and protonates when Qg is
reduced (Paddock et al., 1989). 2) At pH 7, an
infrared spectral line consistent with protonation
of a carboxylic acid disappears, suggesting that
Glu L212 is ionized at pH 7 (Hienerwadel et al.,
1995).

The much lower kg, suggests that Asp L213 is
ionized for most of the experimental pH range
and that its interaction with Qg ~ 60 meV (Pad-
dock et al., 1990).

The slope of kg, at low pH is removed, suggest-
ing theAsp L210 titrates in the normal acidic
range (~4). The high pH titration observed in
this mutant is lower than in wildtype, suggesting
an electrostatic interaction between Asp L210
and Glu L.212 of ~1.5 pK, units (Paddock et al.,
1992).

L213 Asp — Asn

1210  Asp— Asn
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little difference in charge recombination kinetics between the
wildtype and mutant RCs. This suggests that Glu L212 has
a pK of 9.5.

In apparent conflict with the charge recombination results,
which indicate a high pK, for Glu L212, are recent kinetic
infrared spectroscopic measurements on wildtype and mu-
tant RCs (Hienerwadel et al., 1995). At pH 7, the difference
in infrared (IR) absorption before and after electron transfer
to Qg has a component at 1725 cm™, consistent with the
absorption change associated with protonation of a carboxyl
group (i.e., COO™ + H* — COOH). The absorption change
at 1725 cm™! is not present in the L212 glutamic acid —
glutamine mutant. This suggests that the absorption is caused
by the increased protonation of Glu L212 upon reduction of
Qg, which is consistent with a pK of Glu L212 of ~7 or
below, in contradiction to the pK, assigned to Glu L212 on
the basis of charge recombination experiments. A possible
resolution of these seemingly contradictory experimental re-
sults is discussed in the next section.

Mutation of aspartic acid L210 or L213 to asparagine
(Paddock et al., 1990, 1992) affected the low pH dependence
of the charge recombination rate, which suggests that, in
native RCs, these acids deprotonate at low pH, similar to their
titration in solution. Mutation of Asp to Asn at the 1213 site
not only removes the pH dependence below pH 7, but also
slows the rate of charge recombination (k) by a factor of
~10. This suggests that Asp L213 is ionized in native RCs
and interacts unfavorably with the reduced Q5. Upon mu-
tation to Asn, this unfavorable interaction is removed, Q, is
more stable, and the recombination rate is slowed. Asp 1.210,
which is farther from Qg than Asp 1213, has a smaller in-
teraction with Qg, and its mutation to Asn has less of an
effect on the charge recombination rate. The dependence of
kyp, at low pH is also removed by this mutation. For both of
these mutations the onset of the increase in kg, at high pH
is shifted to lower pH. This is consistent with a titration of
an acid that undergoes a downward pK, shift when either Asp
L210 or Asp L213 is mutated to Asn.

Comparison of computational and experimental
results

Glu L212

The charge recombination experiments on the Glu — Gln
mutant suggest that Glu L212 has a pK ~ 9.5 (Paddock et
al., 1989), while the kinetic IR results indicate a pK, < 7
(Hienerwadel et al., 1995). A clue to the resolution of this
apparent conflict in the pK, values of Glu L.212 is provided
by the calculated titration curve. A classical titration curve
cannot explain the two experimental results because the av-
erage protonation of a residue falls off too quickly with in-
creasing pH. However, the titration curve calculated for L212
is much more gradual than a classical titration curve (see Fig.
3). The electrostatic interactions with other titrating sites
broaden the titration curve significantly. Thus, proton uptake
at low pH is possible even though at high pH Glu L212
remains protonated in a significant fraction of RCs. How-

Biophysical Journal

Volume 68 June 1995

ever, this explanation is only qualitative. The model does not
explain the relatively abrupt pH dependence of the charge
recombination kinetics. Our model would predict that mu-
tation of Glu L212 to Gln would alter the pH dependence of
kg, at lower pH also, and this is not observed experimentally.
Nevertheless, it is clear that titration of residues in the protein
interior cannot be described by a single number, the pK,, and
that more complex behavior results from interactions among
titrating sites. Such complex titration behavior is likely to be
the cause of the experimental results on the pK, of Glu L212,
which clearly disagree when analyzed in terms of a classical
titration curve with a single pK,.

Asp L213

A striking computational result is the increase in average
protonation of Asp L213 with increasing pH (see Fig. 3
B). This residue is strongly coupled to Glu L212 and Asp
L210. As the pH increases, Glu 1212 and Asp L210 dep-
rotonate, and their electrostatic interaction with Asp
L213, which is ionized at low pH, causes Asp L213 to
protonate. Such “inverse titration” has been observed ex-
perimentally in an amino-carboxylate compound (Sud-
meier and Reilly, 1964), and in calculations of amino acid
titration in the RC (Gunner and Honig, 1992) and bac-
teriorhodopsin (Bashford and Gewert, 1992), which, like
the RC, acts as an optically driven proton pump. Although
inverse titration curves have been observed experimen-
tally (Sudmeier and Reilly, 1964), in the case of the RC
there is no experimental evidence for increasing proto-
nation of Asp L213 with increasing pH. On the contrary,
in the mutant in which Asp L213 is replaced by aspar-
agine, the rate of charge recombination (D*Q,Q; —
DQ,Qy) is lower throughout the experimental pH range,
which suggests that Q is stabilized by the mutation (i.e.,
that Asp L213 is ionized in the wildtype). Moreover, the
pH dependence in the low pH range (3-5), observed in the
wildtype RCs, is not present. This suggests that Asp L213
has a pK, typical for a carboxylic acid in solution (~4).

The experimental results described above suggest that
the inverse titration of Asp L213 is probably an artifact
of the computational model. Because the protein structure
is assumed to be static, the only means of lowering the
total energy of the system is by proton binding or release.
As the pH is increased, the acidic residues titrate, which
creates unfavorable interactions between neighboring
negative charges. Two strongly unfavorable electrostatic
interactions, Asp L213 <> Asp L210 and Asp L213 < Glu
L212 (see Table 3), are alleviated by protonation of Asp
L213. Alternatively, sidechain motion, rather than rep-
rotonation, may reduce the unfavorable interactions and
thereby eliminate the inverse titration behavior. This pos-
sibility is not included in the model. Analysis of the crys-
tal structure revealed voids near the acidic residues that
could permit significant sidechain reorientation (Beroza
et al., 1992).
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Asp L210

Asp L210 has a calculated titration curve similar to that for
Glu L212 (see Fig. 3 B). Protonation of these residues is
strongly influenced by their interaction with Asp L213. Ex-
perimental measurements on RCs in which Asp L210 has
been mutated to asparagine suggest that Asp 1210 has a pK,
~ 4, typical for a carboxylic acid in solution. The calculated
titration curve is consistent with the experimental results.
Asp L1210 starts to deprotonate at low pH, but its titration is
more gradual than a classical titration curve. Calculation of
the effect of the Asp — Asn mutation at 1.210 predicts a
downward shift in pK, for Glu L212 of ~2 pK, units, which
is also observed experimentally (Paddock et al., 1989).

PROTON UPTAKE ASSOCIATED WITH
ELECTRON TRANSFER

Computational results

Having discussed the titrations of residues near the neutral
quinones, we now examine the proton uptake associated with
reduction of the quinones. This was calculated from the
change in the average net protonation of the RC when the
quinone is changed from neutral to charged. Residues that
interact with the reduced quinone will have their protonated
state stabilized, i.e., their pK;s will be shifted up (provided
pK, shifts at other sites do not offset the shift), resulting in
a net proton uptake by the residue. Given the large number
of interacting titrating sites in the Qy region, the effect of
nearby titrating sites must be included together with the ef-
fect of quinone reduction. This is accomplished by the Monte
Carlo sampling, which considers all interactions between
sites when calculating thermal averages. The Monte Carlo
calculation was made for the three different states, Q,Qp,
Q. Qp, and Q,Qg . The proton uptake resulting from reduc-
tion of either quinone is found by subtracting the total pro-
tonation of the neutral state from the reduced state (see
Eq. 9).

Proton uptake associated with reduction of Q,

The calculated proton uptake associated with reduction of Q,
is shown in Fig. 4 A. The largest contribution to the uptake
below pH 8 comes from the fairly distant Glu 1212, which
has an interaction with Q. of 0.65 pK, units. The gradual
titration of Glu L.212 (see Fig. 3 B) causes its proton uptake
to occur over a wide pH range. Above pH 8 proton uptake
is dominated by Arg M247, which has a pK, shift of ~1 unit
when Q, is reduced. The remainder of the proton uptake
associated with the reduction of Q, results from small pK,
shifts of residues that individually change their average pro-
tonation by <0.2 protons. Previous calculations for the proton
uptake associated with the reduction of Q, (Gunner and
Honig, 1992) exceed those presented here by as much as 0.2
protons; fluctuations (sampling noise) of this amount may be
responsible for the discrepancy (see Fig. 2 in Gunner and
Honig, 1992).
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FIGURE 4 Calculated ( ) and experimental (@) values for the pro-
ton uptake associated with the reduction of Q, (A) and Qg (B). Individual
contributions to the calculated proton uptake from residues whose proto-
nation changed by >0.1 protons are also shown (---). Calculated total proton
uptake ( ) was obtained by evaluating Eq. 9 every 0.5 pH units.
Contributions from individual residues were obtained every 0.5 pH units
from the difference in Eq. 6 for the two quinone redox states. Experimental
values are from McPherson et al. (1988).

Proton uptake associated with reduction of Qg

The calculated proton uptake associated with reduction of Q,
is shown in Fig. 4 B. The proton uptake is dominated by Glu
L212, which was calculated to titrate gradually, starting at
low pH. It accounts for all of the proton uptake above pH 5.
At lower pH, Asp L213 makes a small contribution. Previous
calculations of the proton uptake associated with the reduc-
tion of Qg are also dominated by the protonation changes of
Glu L212. However, the calculated proton uptake at low pH
was higher than that presented here, because Glu L212 was
calculated to have a lower pK, (Gunner and Honig, 1992),
which causes a larger proton uptake at low pH when Qj is
reduced.

Review of experimental results

Proton uptake by RCs in response to the reduction of Q, and
Qg has been measured experimentally by monitoring the so-
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lution pH, which changes as protons are withdrawn from
solution by RCs (Maroti and Wraight, 1988; McPherson et
al., 1988; Shinkarev et al., 1992). The experimentally meas-
ured proton uptake was found to be pH dependent and was
greater for reduction of Qg than for Q, (see Fig. 4 B). We
compare our calculated results for proton uptake with those
reported by McPherson et al. (1988), which have been cor-
roborated by other workers (Shinkarev et al., 1992) and were
found to agree with the independently measured pH depen-
dence of the free energy AG(Q; Qg — Q,Qp) (Kleinfeld et
al., 1984) (see Eq. 10). The proton uptake values originally
reported by Maroti and Wraight (1988) disagree significantly
from those obtained more recently by the same group
(Shinkarev et al., 1992). The reason for this discrepancy is
not known (Shinkarev et al., 1992).

Comparison of computational and experimental
results

The calculated proton uptake associated with reduction of Qg
is greater than that associated with the reduction of Q,, in
agreement with experiment. However, a quantitative agree-
ment between the calculated and experimentally measured
pH dependence of the proton uptake is obtained only over
portions of the pH range (see Fig. 4).

The calculated proton uptake resulting from reduction of
Q, is in fair agreement with experiment for pH < 9. Most of
the proton uptake is caused by small shifts in the average
protonation of several residues that interact weakly with
Q.. As seen in Fig. 3 A, most residues near Q, do not titrate
and, therefore, will not undergo pK, shifts that increase the
net protonation of the RC. In fact, the largest contribution to
the proton uptake in this pH range comes from the relatively
distant Glu L212 (see Fig. 1). For pH > 9, there is significant
disagreement between computed and experimental values for
proton uptake. This appears to be the result of proton uptake
by Arg M247, which was calculated to titrate at an anoma-
lously low pH (see Fig. 3). Throughout the pH range of the
calculation, a significant fraction of the proton uptake is from
residues that undergo small (<0.2) shifts in average proto-
nation (not shown in Fig. 4). This contrasts with the proton
uptake for Qg, which is dominated by nearby residues.

For reduction of Qg, the agreement between calculated and
experimental proton uptake is poorer than for reduction of
Q,. An interesting feature of the proton uptake associated
with the reduction of Qg is the lack of proton uptake by
residues other than Glu L212, some of which interact
strongly with Q7 (see Table 3), and hence one might expect
these other residues to undergo pK, shifts that would cause
proton uptake. There are two reasons why this does not occur.
First, many charged residues near Qy, interact strongly with
oppositely charged residues. These interactions, which sta-
bilize the ionized forms of the residues involved, cannot be
overcome by the introduction of a new negative charge
(Qg) in the region. As a result, the protonation state of these
residues does not change. Second, the protonation of Glu
L212 buffers the effect of the negative charge on Q. Resi-
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dues near Qg that might undergo a pK, shift after Qy is re-
duced are also close to Glu L212, which is partially ionized.
Thus, reduction of Qg, which shifts pKs up, is largely com-
pensated by the protonation of Glu L212, which shifts pKs
down. It is important to note that it is necessary to treat the
interactions among residues statistically to obtain correct re-
sults. If only pairwise interactions between the quinone and
titrating sites are considered, and the interactions between
residues are not taken into account, the proton uptake will be
vastly overestimated, as pointed out by McPherson et al.
(1988).

Although our calculations are in general agreement with
those reported by Gunner and Honig (1992), neither calcu-
lation is in good agreement with experiment (McPherson et
al., 1988; Shinkarev et al., 1992). Previous comparison be-
tween calculated and experimental proton uptake, which
showed good agreement (Gunner and Honig, 1992), was
based on experimental data (Maroti and Wraight, 1988) that
have been superceded (Shinkarev et al., 1992). Thus, proton
uptake calculated from the continuum electrostatic model
gives only qualitative agreement with experiment.

FREE ENERGY OF ELECTRON TRANSFER
Computational results

The pH dependence of AG determined from the calculated
proton uptake

The pH dependence of the free energy of electron transfer can
be obtained, to within an arbitrary integration constant, by
integrating the difference in proton uptake between
Q. Qp and Q,Q; (see Eq. 10). This integral was calculated
and the integration constant was chosen to give agreement
with experiment at pH 7 (see Fig. 5).

AG calculated from the equilibrium population of Q,Qy

A second method of calculating the free energy of elec-
tron transfer between Q, and Qy is to treat the redox states
of the quinones with the same continuum model that was
used to calculate the titration curves for the amino acids.
An intrinsic redox free energy was calculated for each
quinone and the dimensions of the W matrix in Eq. 7 were
increased to include interactions between the quinones
and the titrating sites. Thus, the free energy associated
with reduction of Q, and Qg is obtained in a manner
similar to that used to obtain pK, values. However, we are
interested in differences in redox energy between Q ; and
Qg . Therefore, comparison of the electrostatic energy of
the quinones to a reference state in solution (as was done
for calculation of amino acid pK,) is unnecessary (i.e.,
both Q, and Qg are ubiquinone-10 molecules, and any
reference energy would be the same for Q, and Q). As
we are concerned with the equilibrium between
Q. Qg and Q,Qp, only these two redox states are con-
sidered in the statistics (i.e., the states Q, Qp and
Q. Qp are omitted).
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FIGURE 5 pH dependence of the free energy, AG, of electron transfer
from Q, to Qg. The experimental curve was determined using Eq. 13 and
the experimental values for k,;, and ky;, (Okamura and Feher, 1992). The
calculated curve was obtained by integrating the calculated proton uptake,
A[H*](Q.Qz — Q,Qp) (see Eq. 10), and the integration constant was
chosen to give agreement with experiment at pH 7. The calculated value
differs slightly from that reported previously (Beroza et al., 1991) because
the charge distribution that represents the titrating amino acids has
been improved (the previous calculation modeled a charged residue as a
point charge, while the present calculation uses a more realistic charge
distribution).

The change in free energy associated with electron transfer
is separated into three parts:

AG(Q,Qp — Q.Q5) = AG,,(QQ — Q.Q5)
+ AG,(Q Qs ~ Q,Qp) (17)
+ AG,(Q,Qs — Q\Q5),

where the three terms, as in the case of amino acid pK, shifts,
represent solvation, background, and interaction energies
with charged residues (note that AG,,, is used for notational
convenience; as was the case with amino acid titration, the
contribution from charged sites cannot be represented by a
single number). The shifts in redox energy were calculated
with the same continuum electrostatic model used for cal-
culating amino acid titration.

AGsolv

The solvation energy arises from the interaction of the
semiquinone with the polarization that it induces in the di-
electric media (protein and solvent) and the redistribution of
counterions it causes. Both quinone binding sites are out of
contact with the aqueous solution and, therefore, have highly
unfavorable solvation energies for the reduced form of the
quinone (i.e., if only solvation effects are considered, it takes
~340 meV more energy to reduce a quinone bound to the RC
than it does in solution). AG_,, is approximately the same for
Q, and Qg, with a slight preference for the Q,Q, state:
AG,(QxQz — Q\Qp = -26 meV.
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AGy,

The background energy arises from interactions between the
quinone and fixed charges and dipoles in the protein when
all titrating sites are in their neutral state. The only fixed
charge in the protein is on the iron-ligand complex (Fe?*, an
ionized glutamic acid, and four neutral histidines make a net
charge of +1e). Other background charges are the dipole
moments associated with the peptide bond and the polar
sidechains of amino acid residues. These interactions
strongly favor the reduction of both quinones by ~-450
meV. Thus, background interactions stabilize charge on ei-
ther quinone. However, the stabilization is approximately the
same for Q, and Qg ; consequently, the effect of background
interactions on the electron transfer equilibrium is small:
AG,,(Q1Qz — Q,Qp) = +11 meV. Again we see that the
two quinone sites are remarkably equivalent. This is espe-
cially striking when one considers that the iron is closer to
Qg and, therefore, preferentially stabilizes the Q,Qp state.

The contributions to AG,, of individual residues that have
an interaction with the quinone of >50 meV are listed in
Tables 7 and 8. The background energies resulting from the
peptide bonds, AG,,, and the amino acid sidechains, AG_, are
separately listed. The largest background interactions are
from the members of the iron/ligand complex (Fe?*, Glu
M234, His M219, His L190, His L230, and His M266),
which have stronger interactions with Qg than with Q,. How-
ever, favorable interactions between Q, and the dipoles of
Thr M222 and Asn M259 help to counteract this effect.

From Tables 7 and 8, we see that residues that interact with
the quinones by more than 50 meV contribute only about half
of the total stabilization energy. The other half of the sta-
bilization arises from longer-range interactions. As was seen
for acidic residues near Qg, peptide dipoles preferentially
stabilize negative charge. Both Q, and Qg have favorable
long-range interactions with the peptide dipoles, although
they are not as strong as the interactions between the peptide
dipoles and the acidic residues near Q.

AGtitr

Although the interactions with the nontitrating parts of the
RC are similar for Q, and Qj, the interactions with titrating

-

TABLE 7 Q, background interactions (meV)

Residue AG,.* AG,} AG S
Glu M234 114 4 110
His M219 -112 -2 ~110
Fe' -93 - -93
Thr M222 -86 -25 -61
Asn M259 -82 =55 =27
Ala M248 60 60 0
All others -258 -101 -157
Total —458 ~-119 -339

*Total background interaction with the residue.
*Contribution to AG,, from the polypeptide backbone.
$Contribution to AG,, from the protein sidechains.
*The non-heme iron was considered a sidechain atom.
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TABLE 8 Qg background interactions (meV)

Biophysical Journal

Residue AG,, AGy, AG,
His L190 -176 -14 -161
Glu M234 138 -3 141
Fe* -123 - -123
Ser 1223 -90 -45 45
His L230 =55 -1 -54
Gly L225 53 53 0
Thr L226 51 42 9
All Others -247 -193 -55
Total -449 -161 -288

*Heading definitions are the same as in Table 7.

residues are quite different. The strongest electrostatic in-
teractions are listed in Tables 2 and 3.

As seen in Figs. 1 and 3, there are few charged residues
near Q,. Of those residues that have an interaction energy
>50 meV, Arg M247 is the only one that is likely to be
charged. On the other hand, Qg interacts strongly with sev-
eral acidic groups that were calculated to be charged in the
experimental pH range. Titration curves for these residues
are shown in Fig. 3, for neutral quinones. However, calcu-
lation of AG,,, must include the effect of proton uptake as-
sociated with the reduction of the quinones. As described
carlier, if the electron states are sampled by the Monte
Carlo method, the partition coefficient can be calculated,
and the free energy of electron transfer can then be ob-
tained from Eq. 11. This provides a direct calculation of
the free energy, without the arbitrary integration constant
that is needed when calculating the free energy from the
integral of the proton uptake. The changes in protonation
of residues associated with electron transfer between the
quinones are taken into account in the Monte Carlo evalu-
ation of Eq. 14.

As was the case for AG,,, much of the contribution to
AG,, results from long-range interactions. For both quino-
nes, the electrostatic influence of charged residues remains
significant for the 25 nearest titrating sites. The ratio of
charged cationic residues to charged anionic residues in the
Q, and Qg regions is significantly different, Of the 25 closest
titrating sites to Q,, 11 of them are positively charged while
only 6 of them are negatively charged (the remaining resi-
dues are neutral). This unbalanced charge distribution sta-
bilizes negative charge on Q,. Contrast this with the distri-
bution of charged titrating sites near Qg. Of the 25 nearest
residues, 7 are positively charged and 9 are negatively
charged. This charge distribution destabilizes negative
charge on Q, i.e., it favors reduction of Q, over Q. These
two effects combine to give a free energy that ranges from
+130 meV at low pH to +230 at high pH. Thus, the positive
value for the free energy is the result of interactions with
titrating sites.

Calculations on mutant RCs

The changes in the recombination rate, kg, resulting from
site-specific mutations of residues near Qg were calculated
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using the methods described in the previous section (see Eq.
13). Three acidic residues, Glu L212, Asp 1.213, and Asp
1.210 were mutated to neutral residues; calculated effects on
kgp, of these mutations are shown in Fig. 6.

The Glu L212 — Gln mutant has the largest effect on
the calculated recombination rate. When this residue is
mutated to a neutral, non-titrating residue, less negative
charge is near Qg, which stabilizes the Q,Qp state. There-
fore, the recombination rate is slower (see Eq. 13). The
largest decrease in rate is at high pH, because the glutamic
acid in the wildtype is fully ionized. The Asp L213 — Asn
mutant has no significant effect on the recombination rate.
This is not surprising, because in the wildtype RC, Asp
L213 was calculated to be almost fully protonated. There-
fore, mutation to asparagine (which was modeled as a pro-
tonated aspartic acid) has little effect on the charge distri-
bution. Of the three acids that were mutated, Asp L210 is
the farthest from Qg. The main effect of replacing this acid
with a neutral one is to lower the pK, of Glu L212. This in
turn raises the energy of Q,Qg at a lower pH than in the
wildtype.

Review of experimental results

Two experimental methods have been used to measure the
pH dependence of the free energy difference between
Q. Qg and Q,Qy. The first method relies on the integration
of the experimentally observed proton uptake (see Fig. 4) as
given by Eq. 10. This method gives the free energy only
within an integration constant. The second method uses the
rate of charge recombination (kg;) between the secondary
quinone (Qg) and the bacteriochlorophyll dimer (the primary
donor, D) as a probe for the free energy difference between
the electron transfer states Q ; Qg and Q,Q4 (Kleinfeld et al.,
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FIGURE 6 Computational ( ) and experimental (@) recombination
rate (kgp,) as a function of pH for native and mutant RCs. The experimental
recombination rate for the wildtype (---- ) is shown for each mutant for
comparison. Experimental data from Okamura and Feher (1992).
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1984). The charge recombination rate was shown to proceed
indirectly by thermal population of the Q , Qp state (Klein-
feld et al., 1984). Therefore, ky,, can be related, by Eq. 13,
to AG(Q,Q; — Q,Q5) and k,j, (i.e., the rate of D*Q, —
DQ,), which was measured independently. Thus, the free
energy difference between Q, Qg and Q,Q; can be probed
by the charge recombination rate; the faster the recombina-
tion, the higher the free energy of the Q,Qy state. The ex-
perimentally measured pH dependence of AG is shown in
Fig. 5. (For experiments with differing detergents (lau-
ryldimethylamine N-oxide and poly(etheleneglycol)) the
high pH upturn in recombination rate shifts by ~1 pH unit
(in lauryldimethylamine N-oxide the upturn occurs at pH ~
10, in poly(etheleneglycol), the upturn occurs at pH ~ 9)
We compare the theoretical calculations with the results for
poly(ethelyeneglycol), which, unlike lauryldimethylamine
N-oxide, is not a zwitterion, and, therefore, is more consistent
with our solvent model.)

Experimental results for the charge recombination rate
(kgp) in wildtype and mutant RCs are shown in Fig. 6. The
effect of these mutations on the charge recombination rate
can be qualitatively understood in terms of an electrostatic
interaction between Qg and the titrating site that was mu-
tated. These interactions and their implications for amino
acid titration are summarized in Table 6.

Comparison of computational and experimental
results

pH dependence of AG

The pH dependence of AG(Q , Qg — Q,Qj ) calculated from
the proton uptake (Eq. 10) is compared with the experimen-
tally determined pH dependence in Fig. 5. The calculated pH
dependence of the free energy of electron transfer reproduces
the general features of electrostatic coupling between the
reduced quinones and titrating sites. The overall change in
free energy of ~100 meV over the experimental pH range
is reproduced reasonably well by the calculation. The shape
of the calculated curve is mainly the result of the proton
uptake of Glu L212. Glu L212 protonates fully when Qy, is
reduced, and the energy required for this protonation in-
creases with increasing pH (i.e., the work required to remove
a proton from solution increases as the proton concentration
in solution decreases).

The value of AG

The absolute free energy change associated with electron
transfer from Q, to Qp, which was calculated from the equi-
librium population of the Q ; Qg state, is higher than the ex-
perimentally measured value by ~230 meV. Since the sol-
vation and background interactions are nearly the same for
both quinones, the calculated unfavorable AG must result
from interactions with charged residues. Which titrating sites
are responsible for making Qg energetically unfavorable? At
first, it might appear that ionized acidic residues near Qg are
responsible. However, the closest acids, Glu L212 and Asp
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L213, are protonated when Qy, is reduced. Asp L213 is pro-
tonated regardless of whether Q, or Qg is reduced, while Glu
L.212 is partially ionized until Qy is reduced (this protonation
gives rise to the pH dependence of the free energy). Although
there is an energetic cost associated with protonating Glu
L212, it is small. Consider the electron transfer at pH 7. At
this pH, before electron transfer, the energy difference be-
tween the protonated and unprotonated forms of Glu L212
is small. After Qg is reduced, the equilibrium is shifted, but
at little energetic cost. Indeed, if Glu L212 is restricted to be
protonated in the Monte Carlo sampling, the free energy of
forward electron transfer is only lowered by 16 meV.

The cause of the calculated energy difference between
Q. Qg and Q,Qg becomes clear when more distant titrating
sites are taken into account. As discussed earlier, the distri-
bution of nearby ionized residues is significantly different for
Q, and Qg. The 25 closest residues to Q, have a net charge
of +5, while the 25 closest residues to Qg have a net charge
of ~2. This unbalanced distribution of charged residues fa-
vors reduction of Q, and is the principle factor in the cal-
culation that makes forward electron transfer unfavorable.

The result for the electrostatic free energy of electron
transfer between the quinones raises a puzzle. Experimen-
tally we know that the forward electron transfer Q, Qg —
Q,Qp proceeds, yet our calculations predict that the
Q, Qg state is stabilized by ~170 meV.

To account for this failure of the electrostatic model to
predict the observed forward electron transfer, we must
invoke either the possibility that non-electrostatic contri-
butions to the energy of Q, or Qg are of importance or
alternatively, that the electrostatic model we have used
is inadequate. These possibilities are discussed in the next
section.

DISCUSSION
Relevance of the calculations to RC function
Stabilization of negative charge

One of the main results of the calculations is that near the
quinones negative charges are preferentially stabilized
over positive charges by the RC structure. The positively
charged iron complex provides some of this stabilization.
Less obvious is the contribution of the permanent dipoles
of the polypeptide backbone of the RC, which are oriented
to stabilize negative charge near the quinone sites, es-
pecially near Qg. As pointed out by Gunner and Honig
(1992), this structural feature is important for stabilizing
the acidic residues near Qp, which have the unique prop-
erty of being poorly solvated and not involved in salt
bridges with positively charged residues. Because the
quinones are embedded in a low dielectric medium and
far removed from solvent, the presence of an extra elec-
tron on a quinone is an energetic liability. Compensation
for this loss of solvation is one of the important functions
of the RC; the unfavorable solvation energy for a reduced
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quinone at either Q, or Qy is compensated for by back-
ground interactions with the RC.

Anomalous titrations

A second result of this work is the unusual shape of the
titration curves that were calculated for residues near the
quinones. All residues that interact strongly with the quino-
nes and that titrate in the experimental pH range had titration
curves that cannot be described by the classical Henderson-
Hasselbach equation (see Fig. 3). In the case of Glu L212 or
Asp L210, deprotonation with increasing pH occurs over a
much larger range than expected. In the case of Asp 1213,
the difference is more severe; the protonation increases with
increasing pH. Although some of these results are likely to
be the result of the simplifying assumptions of the model (see
below), the gradual titration of Glu L212 has some experi-
mental backing. Titration of Glu L212 over a large pH range
helps to explain the two seemingly conflicting experimental
results for the pK, (Paddock et al., 1989; Hienerwadel et al.,
1995).

Coupling of proton and electron transfer

The calculated proton uptake (Fig. 4), and the resulting pH
dependence of the free energy (Fig. 5), associated with elec-
tron transfer between Q, and Q, demonstrates quantitatively
how proton uptake results from pK, shifts induced by the
electrostatic interaction with the electron. However, it is not
sufficient to treat only the pairwise interactions between the
reduced quinone and the titrating sites. To obtain valid re-
sults, the interactions between titrating sites must be in-
cluded. This significantly reduces the effect of quinone re-
duction on the protonation state of nearby titrating sites. This
can be seen by examining the interactions between Qg and
nearby titrating sites in Table 3. The interactions between the
quinone and the closest acidic residues are large enough to
cause several of these residues to have significant proton
uptake. Instead, only Glu L212 protonates, and for other resi-
dues the upward pK, shift caused by reduction of Qy is com-
pensated for by a downward pK, shift caused by the proto-
nation of Glu L212.

Limitations of the continuum model

The electrostatic model used in these calculations relies on
a number of simplifying assumptions (described earlier). Re-
laxing these assumptions and refinements of the model
should improve the calculations. Several of these are dis-
cussed below.

Neglect of protein motion may be a significant source of
error. When either quinone is reduced, a negative charge is
introduced in a deeply buried region of the RC. The large
electrostatic forces that result are likely to cause reorienta-
tion of polar sidechains. Molecular dynamics studies of
earlier stages of electron transfer in the RC have shown
that protein rearrangement can contribute as much as 400
meV to the electron transfer energy (Treutlein et al.,

Biophysical Journal

Volume 68 June 1995

1992), although bulk solvent was not included in the cal-
culation. In the continuum electrostatic model, such relax-
ation is incorporated in the dielectric constant of the pro-
tein, which may underestimate the effect of reorientation
of permanent dipoles, especially at short distances. More-
over, molecular dynamics simulation of the free energy of
electron transfer between the quinones has shown good
agreement with experiment (Nonella and Schulten, 1994),
despite the assumption that Glu L212 remains ionized after
electron transfer to Qg, which is contrary to experimental
evidence and would inhibit forward electron transfer.

The modeling of the protein as a dielectric continuum
raises some questions. Is it correct to model interactions on
the atomic level with continuum electrostatic theory? If so,
what is the proper choice for the protein dielectric constant?
It has been shown that a much higher protein dielectric con-
stant (~20) gives better results for pK, values of amino acids
in globular proteins (Antosiewicz et al., 1994), although it is
likely that this high value compensates for other effects that
are not included in the continuum electrostatic model (i.e.,
protein motion and ion binding).

Structural features unique to the RC may also be a target
for more accurate modeling with the continuum electrostatic
theory. There are internal voids, which probably contain
bound water molecules, near Qg (Beroza et al., 1992). These
internal cavities are accessible to the spherical probe that is
used to define the molecular surface of the protein and are,
therefore, assigned a high dielectric constant. Modeling these
internally bound water molecules as volumes of high di-
electric may not be sufficiently accurate. In preliminary stud-
ies we found that the orientation of nearby water molecules
changes the protonation state of Asp L213. Other workers
have found that the orientation of explicit water molecules
can greatly alter the pK, values obtained from continuum
electrostatic calculations (Yang et al., 1993; Sampogna and
Honig, 1994).

Finally, a complete description of energetics should in-
clude non-electrostatic contributions to the quinone redox
energies. For example, the electronic states of a quinone may
be altered by interactions with the protein matrix. Any in-
teraction that affects Q, and Qg differently would affect the
free energy difference between Q, Q; and Q,Q but would
not show up in an electrostatic calculation.

CONCLUSIONS

We have applied a continuum electrostatic model to inves-
tigate the coupling of electron and proton transfer in the pho-
tosynthetic RC. Thermal averages of protonation of amino
acids and electron transfer states were computed using Monte
Carlo sampling, and modified sampling techniques were em-
ployed to improve sampling efficiency.

An important result of this work relates to the titration of
amino acids that are near the quinone binding sites, espe-
cially those near Q. These residues have strong interactions
with each other that give rise to titration curves that do not
obey the classical Henderson-Hasselbach change in proto-
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nation with pH. Our results show that the titration of strongly
interacting residues can be complicated. This may be par-
ticularly relevant for the titration of Glu L212, for which we
calculated a gradual titration curve, with partial ionization
over a large pH range. This gradual titration provides a work-
ing model to reconcile the experimental results, one that is
consistent with an unusually high pK, for Glu L212 of ~9.5
(Paddock et al., 1989) and one that is consistent with a more
standard pK, for Glu L212 of ~4.5 (Hienerwadel et al,,
1995). In light of the results presented here, we suggest that
the interpretation of these experimental results in terms of
classical titration curves, characterized by a single pK, value,
is inadequate.

The calculated pH dependence of the free energy differ-
ence between Q , Q; and Q,Q5 shows how electrostatic cou-
pling between the electron and the titrating amino acids in the
RC affects electron transfer energetics. However, the cou-
pling is more complex than can be explained using classical
ideas of pK, and pK, shifts induced by interactions with the
reduced quinones. The interactions between titrating sites
tend to counteract the effect of changes in the redox state of
the quinone, especially in the Qy region, where the proto-
nation of Glu L212 essentially cancels the effect of the re-
duction of Q. Thus, other titrating sites are not as affected
by the charge on the quinone as one would expect from the
pairwise interaction between the reduced quinone and the
titrating site (as in Table 3).

The discrepancies between calculated and experimental
values for titration curves of individual residues and the free
energy difference between the Q; Qg and Q,Qy states sug-
gest that the continuum electrostatic model lacks important
factors that are needed to determine electron transfer ener-
getics, and we suggest that conformational rearrangement
of the protein in response to electron transfer is the most
important.
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